Abbreviation Key: cAMP = cyclic adenosine 3′,5′-monophosphate; Con A = concanavalin A; CTC = collagenase-trypsin-chicken serum; FSH = follicle stimulating hormone; IEF = isoelectric focusing; LH = luteinizing hormone; pI = isoelectric point; RRA = radioreceptor assay; TSH = thyroid stimulating hormone. 
INTRODUCTION
Sensitive and specific assay methods have been established for avian luteinizing hormone (LH) and follicle stimulating hormone (FSH), two of the three glycoprotein hormones of the pituitary gland. Radioimmunoassays and radioreceptor assays (RRA) have been extensively characterized for chicken LH (RIA: Follett et al., 1972; Sharp et al., 1987; RRA: Hattori and Wakabayashi, 1979, 1983) and FSH (RIA: Scanes et al., 1977; Sakai and Ishii, 1980; Krishnan et al., 1993; RRA: Ishii and Adachi, 1977; Ritzhaupt and Bahr, 1987) , and provided gonadotropins at a purity much higher than that of former methods (Sakai and Ishii, 1980; Talbot et al., 1988; Krishnan et al., 1992 Krishnan et al., , 1994 .
However, no sensitive assay methods comparable to those for LH and FSH have been reported for thyroid stimulating hormone (TSH), another glycoprotein hormone of the pituitary gland. For example, an in vivo bioassay based on the uptake of 32 P into the thyroid gland of 1-d-old cockerels (Lamberg, 1953; Radke and Chiasson, 1974) has many disadvantages associated with the use of contaminated animals. A sensitive, in vivo bioassay based on the release of thyroxine from the thyroid of 1-d-old cockerels (MacKenzie, 1981) , perhaps the most widely used bioassay for avian TSH, is not suitable for routine assay, as it requires the handling of many test animals. Immunocytochemical studies have revealed that certain preparations of anti-human, -rat, and -bovine TSH antibodies cross-react to thyrotrophs of the pituitary gland of several avian species (Sharp et al., 1979; Thommes et al., 1983; Mikami, 1986; Reichardt, 1993) . However, these cross-reactions are not observed with all antibody preparations against human, rat, or bovine TSH, and heterologous RIA for avian TSH using these antibodies have never been established. So far, the only method for quantifying avian TSH by RIA is to assay LH and FSH and subtract their values from the assay value of a common a-subunit of the glycoproteins (Berghman et al., 1993) .
It could be argued that the lack of specific and sensitive assay methods has made it difficult to obtain highly purified preparations of avian TSH and has led to the fact that even the most highly purified chicken LH preparation contains some amount of TSH activity (Krishnan et al., 1994) . Thus, in an attempt to develop a simple, but reliable method of determining avian TSH activity, especially of fractions in the course of purification, we validated an in vitro bioassay for chicken TSH preparations on the basis of cyclic adenosine 3′,5′-monophosphate (cAMP) production in FRTL-5 cells, a continuous cell line derived from normal rat thyroid epithelial cells (Ambesi-Impiombato et al., 1980 .
MATERIALS AND METHODS

Preparation of Samples
Rat Pituitary Glycoprotein Fraction. The anterior pituitary glands were obtained from 15 male rats (Wistar strain) of 9 wk of age, immediately frozen, and stored at -80 C until use. They were homogenized with a glassTeflon homogenizer in 100 mL of distilled water per gland. The homogenate was centrifuged at 30,000 × g for 30 min after freezing and thawing. The supernatant was subjected to Concanavalin A (Con A) Sepharose column chromatography for the isolation of the glycoprotein fraction, as mentioned later.
Chicken Pituitary Glycoprotein Fraction. The anterior pituitary glands were collected from 110 laying White Leghorn (Hy-Line ® ) hens 55 wk of age. The glycoprotein fraction was prepared as for the rat by Con A Sepharose column chromatography.
Extracts of Cephalic and Caudal Portions of Chicken Pituitary. The anterior pituitary glands were taken from 10 White Leghorn (Hy-Line ® ) roosters 78 wk of age. The glands were dissected into cephalic, middle, and caudal portions with a scalpel blade as described by Brasch and Betz (1971) . The middle part was removed to eliminate cross-contamination of the cephalic and caudal portions. The cephalic and caudal portions were immediately frozen and stored at -80 C until use. They were homogenized in 100 mL of distilled water per gland and centrifuged at 30,000 × g for 30 min after freezing and thawing. The supernatants were separately used to locate TSH activity. For the sample preparations described above, all experimental animals were killed by cervical dislocation (under pentobarbital anesthesia in rats).
Con A Sepharose Column Chromatography
Samples were applied to a glass column (1.6 × 3.0 cm) packed with Con A Sepharose CL-4B 2 previously equilibrated with 0.05 M phosphate buffer (pH 7.4) containing 0.5 M NaCl. The column was washed with the same buffer until the absorbance at 280 nm was reduced to the initial level, and thereafter the glycoprotein fraction was eluted with the same buffer supplemented with 0.5 M a-methyl-D(+)-glucoside as described by Sutton (1989) . The eluate was dialyzed against 5% sorbitol solution before subjection to isoelectric focusing.
Isoelectric Focusing
Isoelectric focusing (IEF) was carried out in a small (25 mL) preparative glass column with a water jacket (Type O-25) as described (Hattori and Wakabayashi, 1983 ) with minor modifications. Briefly, a linear pH gradient of 5 to 11 was made by mixing Ampholine 2 carrier ampholites with pH ranges of 5 to 7, 7 to 9, and 9 to 11 in a ratio of 1:5: 10 at a final concentration of 1.23% (wt/vol) in a sorbitol solution with a density gradient from 5 to 50% (wt/vol). Focusing was run at 4 C at 300 V for 18 h, 600 V for 24 h, 900 V for 24 h, and 1,100 V for 24 h. After focusing, fractions were collected under simultaneous measurement of pH with a flow-through type pH electrode. The fractions were adjusted to pH 7.0 with 0.2 M phosphate buffer and stored at -80 C until use.
Maintenance of FRTL-5 Cells
The FRTL-5 cells 3 were maintained as described (Valente et al., 1983) with minor modifications. The cells were routinely cultured in Coon's modified Ham's F-12 medium 4 supplemented with 5% calf serum 5 and a mixture of six hormones (2 mU/mL bovine TSH, 10 mg/ mL bovine insulin, 10 mg/mL somatostatin, 5 ng/mL cortisol, 5 mg/mL apo-transferrin and 10 ng/mL glycyl-Lhistidyl-L-lysine). 4 Cells were grown in an atmosphere of 5% CO 2 -95% air at 37 C in a culture flask and were passaged using the collagenase-trypsin-chicken serum (CTC) mixture previously described (AmbesiImpiombato et al., 1980) when they became confluent. For use in the bioassay, the cells were transferred to a 24-well Falcon plate 6 (1 × 10 5 cells per 0.5 mL per well) and cultured for 3 to 7 d. Then the culture medium was exchanged with the same medium without TSH. After 4 to 8 d of TSH depletion, the cells were used for the bioassay of TSH activity.
Bioassay Procedure
The cells were washed twice with a HEPES-buffered medium 7 (pH 7.4) that consisted of 25 mM N- mM MgSO 4 , 2.0 mM CaCl 2 , 2.5 mM NaHCO 3 , and 5.0 mM glucose. Bioassay samples, dissolved in the HEPESbuffered medium supplemented with 0.5 mM 3-isobutyl-1-methylxanthine and 0.1% BSA, were added (400 mL per well), and then incubation was carried out for 45 min at 37 C. The incubation was terminated by adding 6 M HCl (10 mL per well). The medium was collected, boiled to abolish possible phosphodiesterase activity, and frozen at -80 C until cAMP was assayed by a commercial RIA kit. 8 For a dose-response study with purified hormone preparations, rat TSH (NIDDK-rTSH-I-9), 9 ovine TSH (NIADDKoTSH-12), rat LH (NIDDK-rLH-I-9), ovine LH (NIDDKoLH-26), rat FSH (NIDDK-rFSH-I-8), and ovine FSH were serially diluted with the medium and added to the wells.
Radioiodination, RIA, and RRA
Radioiodination of rat TSH (NIDDK-rTSH-I-9) and chicken LH (IRC-2 Gunma, Hattori and Wakabayashi, 1979) using Na 125 I were performed using the chloramine-T method (Hunter and Greenwood, 1962) with slight modifications. Human FSH (NIDDK-hFSH-I-SIAFP-1) was iodinated using the lactoperoxidase method (Miyachi et al., 1972) with slight modifications.
Immunoassayable rat TSH concentration was determined using a NIDDK RIA kit consisting of NIDDKrTSH-I-9, antisera NIDDK-anti-rat TSH-RIA-6, and reference preparation NIDDK-rTSH-RP-3. Chicken LH was measured by our in-house homologous RIA (Kawashima et al., 1982) , using IRC-2 Gunma as the reference preparation.
Chicken FSH was measured by RRA as reported by Ishii and Adachi (1977) with minor modifications. Briefly, 100 mL of standard hormone preparation (human FSH) or sample dissolved in assay buffer (40 mM Tris-HCl, pH 7.5, containing 5 mM MgCl 2 and 1% BSA) and 200 mL of a receptor preparation were allowed to react in glass assay tubes at 37 C for 30 min with shaking. Iodinated human FSH was added (100 mL, about 30,000 cpm per tube), and the tubes were further shaken for 60 min at 37 C. After the incubation the tubes were centrifuged at 1,200 × g for 15 min at 4 C and the radioactivity of the pellets measured with a gamma counter. Homogenized testes of mature male Japanese quail (50 mg tissue/mL assay buffer) were used as the receptor preparation after filtration through a 300-mm nylon mesh.
Statistical Analyses
Bioassay data were expressed as the means ± SEM of two to six replicate determinations. Data for the TSH location study were analyzed for statistical significance by the analysis of variance (one-way ANOVA), and significantly different means (P < 0.01) were ranked by Duncan's method as described by Snedecor and Cochran (1980) . Figure 1 shows typical dose-response curves of the cyclic adenosine 3′,5′-monophospate (cAMP) response of FRTL-5 cells to authentic rat and ovine hormone preparations. Production of cAMP increased with increasing doses of rat (iodination grade) and ovine (bioassay grade) TSH. The rat LH preparation (iodination grade) did not induce cAMP production even at the highest dose tested. On the other hand, ovine LH (bioassay grade), rat FSH (iodination grade), and ovine FSH (bioassay grade) preparations increased cAMP production. Their response curves paralleled those of TSH, but were shifted two to three orders of magnitude to the right. The cAMP responses to the LH and FSH preparations are probably due to TSH contamination of the preparations. Actually, apparent TSH potencies of ovine LH, rat FSH, and ovine FSH, which were estimated from the dose corresponding to the halfmaximal response of cAMP to ovine TSH, were only 0.47, 0.45, and 0.09%, respectively, of that of the ovine TSH preparation. These values are close to the values of maximum TSH contamination of the hormone preparations, which are 0.13, 0.5, 0.2, and 3% in rat LH, ovine LH, rat FSH, and ovine FSH, respectively, according to the supplier.
RESULTS
We next examined the validity of this bioassay for preparations obtained by IEF of rat pituitary glycoprotein by comparing with the result of RIA for rat TSH. As shown in Figure 2 , bioassayable TSH was distributed fairly widely in a range from alkaline to acidic pH, with peak isoelectric points (pI) of 9.47, 9. immunoassayable TSH, although relative peak heights of the components were somewhat different between the two assays, especially in the acidic region. Figure 3 shows the cAMP response to the different amount of chicken pituitary homogenate in comparison with the authentic rat TSH preparation. The pituitary homogenate in a range of 0.25 gland (wet weight 1.75 mg) to 4 glands per well stimulated cAMP production by FRTL-5 cells in a dose-dependent manner.
A further study was made to confirm that chicken TSH, but not LH or FSH, in the pituitary gland stimulated cAMP production in the bioassay. Figure 4 shows the IEF profiles of the glycoprotein fraction of the pituitary gland of laying hens determined by the bioassay (A), RIA for LH (B), and RRA for FSH (C). Three major components with a peak pI of 9.30, 7.12, and 3.82, and several minor ones (pI = 10.48, 9.78, 9.53, 9.05, 8.74, 8.50, 8.16, 7.64, 6.46, 5.70, 5.18, and 4.79) were detected by the bioassay. The RIA detected three alkaline peaks with pI = 9.95, 9.56, and 9.20, four alkaline-neutral peaks with pI = 8. 40, 8.16, 7.64, and 7.24 , and small, neutral-acidic peaks with pI = 6.23, 5.35, and 4.64. By the RRA, four acidic peaks with pI = 5.35, 5.05, 4.91, and 4.64 were observed. Thus, the patterns obtained by the three different assays clearly differed. This result suggests that the present bioassay detects a biologically active substance definitely distinct from the substances detected by the RIA for LH and the RRA for FSH. Referring to the IEF result of rat pituitary glycoprotein fraction, we concluded that the substance in the chicken pituitary that induced cAMP accumulation in FRTL-5 thyroid cells was chicken TSH. The IEF fractions with no samples (a blank focusing run) showed no significant stimulation of cAMP production (data not shown), thus indicating no influence of the carrier ampholite mixture on the bioassay. Table 1 shows cAMP production of FRTL-5 cells when the homogenate of the cephalic or the caudal portion of the anterior pituitary gland was added to the culture. The preparation from the cephalic lobe (1 mg protein per well) increased cAMP accumulation by 34.7 pmol/mL (nonspecific cAMP response was subtracted), whereas the caudal lobe preparations increased cAMP accumulation by 7.78 pmol/mL (a 4.46-fold difference), probably reflecting specific localization in the pituitary of the bioassayable TSH.
DISCUSSION
FRTL-5 cells are a continuous cell line derived from normal rat thyroid epithelial cells (Ambesi-Impiombato et al., 1980 . Although the cells do not have follicleforming capacity, they exhibit iodine influx and efflux (Weiss et al., 1984) and, after the cells are cultured for a few days without TSH, they become highly sensitive to TSH, resulting in remarkable increases in intracellular cAMP levels (Valente et al., 1983) . Measurement of cAMP accumulation in FRTL-5 cells has generally involved in vitro bioassay for mammalian TSH (Bidey et al., 1984; Dahlberg et al., 1987) . To examine the applicability of the assay to quantitative analysis of chicken TSH, we first reexamined the sensitivity and specificity of the assay system. A dose-response study using various glycoprotein hormones (Figure 1 ) confirmed this assay as a sensitive and specific method of measuring rat and ovine TSH. It has been reported that the mammalian pituitary glycoprotein hormones, TSH, LH, and FSH are composed of several molecular isoforms with different pI that dissociate into components upon isoelectric focusing (see for example, Wakabayashi, 1977; Yora et al., 1979; Robertson et al., 1982) . All the components have been recognized as immunologically active proteins able to induce functional responses in respective target cells (see Wilson et al., 1990) . In the present study, the IEF fractionation of rat pituitary glycoprotein demonstrated that the distribution of the activity to induce cAMP accumulation in FRTL-5 cells coincided well with the distribution of immunoreactive TSH isoforms (Figure 2 ). This result confirmed that this assay is a valid method with which to specifically evaluate each TSH isoform as well as whole polymorphic TSH preparation and so to trace the processes of the purification of the mammalian hormone.
As shown in Figure 3 , the chicken pituitary homogenate induced a cAMP response in FRTL-5 cells, the extent of which was only slightly less than that induced by purified rat TSH preparation. However, pituitary homogenate equivalent to one gland induced the same cAMP response as only 6 ng of rat TSH. Considering the TSH contents in avian pituitary glands Chiasson, 1974, 1975; Sharp et al., 1979) , the chicken pituitary could contain around 5 mg of TSH per gland. It is thus possible that FRTL-5 cells respond to a much lesser extent to chicken TSH than to rat TSH. Nevertheless, the present result that at least 0.25 gland equivalent of the chicken pituitary gland induced cAMP response indicates sufficient sensitivity of this bioassay for practical use, especially to trace the purification process of the hormone. In addition, the IEF profile of the chicken pituitary glycoprotein detected by the bioassay remarkably differed from those detected by chicken LH RIA and FSH RRA (Figure 4) , although the distribution ranges of the immunoassayable LH and bioassayable substance overlapped. This may not be due to low specificity of the bioassay, because overlapping of TSH and LH isoforms in IEF has been reported with respect to mammalian hormones (Wakabayashi, 1977; Yora and Ui, 1978) and was discussed in a recent paper on chicken LH purification (Krishnan et al., 1994) .
The measurement of the TSH activity of the cephalic and caudal portions of the anterior pituitary was performed to validate the present bioassay of TSH (Table 1) . Uneven distribution of TSH between the two lobes of the avian anterior pituitary gland is common in bioassays and histological studies. In the 1970s, it was reported that the cephalic lobes of the chicken (Radke and Chiasson, 1974) , quail (Radke and Chiasson, 1975) , and domestic drake (Sharp et al., 1979) pituitaries contained three to five times more TSH than the caudal lobes (no TSH activity was detected in the caudal lobe in some quail samples) as revealed by the 32 P-uptake bioassay. Immunocytochemical studies using antibodies against mammalian TSH have suggested the almost exclusive occurrence of TSH cells in the cephalic lobe (Sharp et al., 1979; Thommes et al., 1983; Mikami, 1986; Reichardt, 1993) . The result shown in Table 1 was not inconsistent with these previous findings, and further supports the validity of the present bioassay.
In summary, we conclude that the substance in the chicken pituitary that induces cAMP accumulation in FRTL-5 rat thyroid cells is chicken TSH. Finally, from a practical point of view, the present bioassay is sensitive (the minimum effective dose in chicken is 0.25 gland per well, and the sensitivity is comparable to rat TSH-RIA when rat TSH is assayed), time-saving (a 45-min incubation for the bioassay and an overnight incubation for the succeeding cAMP RIA), and suitable for handling many samples simultaneously (microculture plates with 24-wells or more are available). The cells are easy to maintain and durable to repeated passages. Although some interference by unknown substances in the measurement of human blood samples has been documented with the TSH-induced cAMP production in FRTL-5 cells (Dahlberg et al., 1987) , this bioassay seems to be very promising, in particular, for monitoring TSH activity in the course of hormone purification from avian pituitary glycoprotein fractions, and also for assessing the biological activity of the purified TSH preparations in detail.
